SUMMARY A strongly reduced culture medium, capable of maintaining the virulence of Treponema pallidum (Nichols) for several days, was exposed to an atmosphere of 3% oxygen in nitrogen for 2-3 days before inoculation with Tpallidum. By using various volumes of medium in uniform tubes a range of redox potentials (Eca) from -94 mV to -325 mV was produced depending on the surface area-to-volume ratios of the medium. The anaerobic medium had an Ecal value of -387 mV.
Introduction
Despite an effort extending over 70 years successful cultivation of T pallidumn in vitro has not been achieved (see Addendum), although several laboratories have recently reported slight but notable growth of this pathogen. ' 2 The difficulties of in-vitro cultivation have limited attempts to develop a vaccine against syphilis. Present research has included studies of the short-term metabolism of T pallidurn in the hope of establishing conditions under which sustained growth of this bacterium in vitro could be obtained.
T pallidurn was previously considered to be an obligate anaerobe. The demonstration in recent years of oxygen consumption similar to an aerobic Leptospira, the presence of a functional cytochrome system,3
I and oxidative phosphorylation5 have indicated the aerophilic character of the organism. Degradation of glucose and pyruvate,6
incorporation of amino acids into protein," uridine into nucleic acids,9 10 and glucose into TCA precipitable material,'" and decarboxylation of pyruvate'2 all occurred under aerobic conditions, although some studies have also shown anaerobic metabolism.'3 14 The optimum concentration of oxygen for T pallidum metabolism has been determined by monitoring its survival under varying concentrations of atmospheric oxygen. Using a tissue culture system Fieldsteel et al'5 established an oxygen gradient in which maximum survival (21 days) was observed in a region neither fully aerobic nor anaerobic. Under microaerophilic conditions (2-5% oxygen) Fitzgerald et al' were able to demonstrate prolonged retention of virulence and the synthesis of treponemal surface acid mucopolysaccharide in a tissue culture system. B Steiner, I McLean, and S Graves requirement for reducing agents for survival under microaerophilic conditions.'8 Research using strictly anaerobic conditions indicated that the retention of motility by T pallidum required a highly reduced environment. 19 Tpallidum is now known to be much less active metabolically under anaerobic conditions.20 The present study was undertaken to determine the optimum conditions of oxidationreduction potential for the retention of virulence in T pallidum under what is now considered to be the optimum level of oxygen in the atmosphere above the culture medium (3%).
Materials and methods

MAINTENANCE OF T PALLIDUM
Adult male rabbits were used for the propagation of T pallidum (Nichols) . They were inoculated with 5 x 107 treponemes per testis. An orchitis usually developed in II days. The rabbit was killed by intravenous injection of 3 ml of sodium pentobarbitone (200 mg/ml), and the testes were minced and eluted with six successive 10-ml aliquots of reduced medium under aerobic conditions. The extraction period was approximately 30 minutes. The first 10 ml were discarded since they contained large amounts of tissue debris and erythrocytes. The yield was approximately 50 ml of inoculum with a concentration of approximately 107 treponemes/mI. These bacteria were used immediately as inoculum for the tubes of medium at various redox potentials (see below), 10%7o of the medium volume being added as inoculum giving a final concentration of approximately 106 treponemes/ml.
PREPARATION OF REDUCED MEDIUM
The medium was a modification of that used by Graves and Billington. ' Survival of Tpallidum was monitored by determining motility and virulence. Motility was determined by darkfield microscopical examination of 50 randomly selected treponemes from each of a pair of tubes at a given sample time and the percentage of actively motile treponemes recorded. Virulence was determined by inoculating the T pallidum samples into rabbits. Before removal from the 307o oxygen atmosphere, 0 8 ml of the sample to be tested was placed in a 1-ml syringe and 0 4 ml immediately inoculated into the shaved backs of each of two male rabbits. The backs of the rabbits had been previously divided into a 4 x 5 grid of 2* 5 cm squares, and for each sample 0-I ml was inoculated into each of four Overall, an inverse linear relationship between the redox potential of the culture medium (under 3% oxygen) and the survival of virulent T pallidum was observed when treponemal survival was measured as the time (in hours) required for a 900/o fall in the concentration of viable Tpallidum in the culture (fig 2) . The more electropositive the medium, the poorer was the survival of T pallidum in the cell-free medium used. The electropositive medium appeared to be toxic since a large proportion of the bacteria died within a few hours of exposure. Under strictly anaerobic conditions Metzger and Smogor,'9 using retention of motility of Tpallidum as the criterion of survival, reported an optimum redox potential of -240 mV (Ecal). In our study using a different medium and microaerophilic conditions an inverse relationship between redox potential and survival was evident, but no optimum was observed (fig 2) .
The effects of redox potential on treponemal survival could be explained either by the medium becoming toxic or by the lack of some component necessary for long-term survival. Toxicity of the medium would best explain the very rapid death of treponemes seen at redox potentials above approximately -150 mV (Ecal). With an in-vivo generation time estimated at 33 hours,23 it is very unlikely that nutrient deficiency would cause death in such a short period. The most probable explanation is the previous production of toxic substances24 (for example, superoxide anions, hydrogen peroxide, hydroxyl radicals, and singlet oxygen) from the action of oxygen on certain medium components.25 26 At more negative redox potentials molecular oxygen is not as readily available in the medium to cause production of these toxic compounds. Survival in the anaerobic control medium was noticeably better than predicted from fig 2 on the basis of its redox potential alone. This suggests that by-products of oxidation reactions may have been detrimental to the survival of T pallidum under the microaerophilic conditions used.
Media with redox potentials more electronegative than -150 mV showed stationary periods of 24 hours, when the number of virulent T pallidum remained almost constant, before the onset of a rapid decline in numbers (fig 1) . This suggests that the bacterium was unable to synthesise some key compound during in-vitro incubation in this medium. The stationary period might be expected to be shorter in a more aerobic medium, since metabolism is more rapid in higher concentrations of oxygen20 and thus leads to an earlier death due to the deficiency in some key compound. This may be more complicated than a simple absence of a nutrient or factor necessary for macromolecular synthesis, since a dependency on the host could mean that T pallidum may have faulty transport systems that break down outside of the host. This phenomenon is seen with intracellular parasites such as the Rickettsia. 27 The apparent preference of T pallidum for a microaerophilic but strongly electronegative environment in vitro may be related to several observations concerning T pallidum in vitro and in vivo. In vivo T pallidum grows well in oxygenated actively metabolising tissues which would, by virtue of rapid oxygen consumption, be quite electronegative. Such tissues would also be microaerophilic, since although oxygen flows into them from the blood circulation it is being rapidly utilised by the metabolising cells. The actual extracellular pO2 surrounding most mammalian tissues is low. In the uninfected rabbit testis it is 11 -6 mmHg28 and in the human epidermis 5 
